Abstract: The effect of stacking fault energy (SFE) and severe plastic deformation methods on the strength and ductility of Cu and Cu-Al-Zn alloys were systematically investigated. With lowering SFE, the grain size decreased while the microstrain, dislocation density and twin density all increased. Tensile testing results demonstrate that the tensile strength and uniform elongation increase with decreasing SFE, but the total elongation to failure first decreases with lowering SFE and then increases.
Introduction
Severe plastic deformation (SPD), such as equal channel angular pressing (ECAP) [1] and high-pressure torsion (HPT) [2] , is one of the most important approaches to produce ultrafine-grained (UFG) materials, the strength of which have been improved greatly compared to coarse-grained (CG) counterparts [3] . However, the retaining ductility has limited the application of UFG materials or nanocrystalline (NC) materials [4] . Qu et al. [5] found that the bulk UFG Cu-Al alloys processed by equal channel angular pressing (ECAP) display simultaneously higher strength and better ductility due to the addition of Al element. Alloying is a conventional strengthening mechanism which could be benefit of the improvement in ductility [6] . Stacking fault energy (SFE) has an intimate relationship with alloying which could significantly affect the microstructure and mechanical properties [7, 8] . The low SFE favors deformation twinning with the twin boundaries acting as obstacles to dislocations, which induced grain-refinement effect to improve the ductility [8] . Meanwhile, strain rate ( ) and deformation temperature (T) are also the two major factors in deformation processes [9, 10] . Usually, the and T are often regarded as a single parameter: the Zener-Hollomon parameter (Z), as follows [11] :
Where R is the gas constant and Q is the related activation energy for deformation. In higher Z, the number of twins increases with grain refinement induced by deformation [11] . In other words, the mechanical properties of materials could be facilitated by elevating the strain rate and decreasing the deformation temperature.
In this work, we investigate how the strain rate and the stacking fault energy improve the mechanical properties of bulk UFG Cu-Al-Zn alloys processed by rolling at room temperature and Split-Hopkinson pressure bar (SHPB).
Experimental
Sheets of commercial copper (99.9% purity) with a thickness of X-ray diffraction (XRD) measurements of the Cu and Cu-Al-Zn alloys samples were performed with an X-ray diffractometer equipped with a Cu target, operating at 1.2 kW. Pure Cu powder (99.95% purity)
annealed at 700°C in vacuum was used as an XRD peak-broadening reference for both the grain size, microstrain, dislocation and twin density calculations. The divergence, anti-scattering and receiving slits were set at 0.5°, 0.5° and 0.3mm, respectively. A series of θ-2θ scans was carried out to provide a record of the XRD patterns at room temperature.
For tensile testing, the RR samples were cut into dog-bone shape specimens with a gauge length of 15mm and a width of 5mm, while for SHPB+RR samples, the gauge length and width were 12mm and 2mm
respectively. Uniaxial tensile tests were carried out at room temperature using a Shimadzu Universal Tester operating at a strain rate of 10 −4 s −1 .
Results
Fig . 1a shows the tensile mechanical behaviors of the Cu, Cu-2.5at.%Al-2.5at.%Zn and Cu-12.1at.%Al-4.1at.%Zn samples deformed via SHPB+RR route, while the samples in Fig. 1b is deformed via RR route. As shown in the two figures, the ultimate strength and the yield strength increase with SFE of Cu, Cu-2.5at.%Al-2.5at.%Zn and Cu-12.1at.%Al-4.1at.%Zn decreasing, no matter which processing route was adopted. However, the total elongation to failure first decreases with decreasing SFE and then increases, while the uniform elongation increases with decreasing SFE, so that the Cu-12.1at.%Al-4.1at.%Zn alloy exhibits the highest strength and the best ductility. Fig. 1c shows the comparison of tensile mechanical behavior between SHPB+RR samples and RR samples. It can be clearly seen that the SHPB+RR samples exhibit higher strength and better ductility than RR samples with decreasing SFE, furthermore, the lower SFE decrease, the better mechanical property of SHPB+RR samples exhibit. Using the X-ray diffraction line broadening, the average grain size can be calculated due to the existence of {111} and {110} textures, meanwhile, the microstrains (<ε 
Where b is the Burgers vector and equals to for fcc Cu alloys, and a is the lattice parameter. The twin density β, defined as the probability of finding a twin boundary between any two neighboring {111} planes, was calculated by the equation [17, 18] :
Where are the angular deviations of gravity center from the peak maximum of the {111} and {200} XRD peaks, respectively. indicates that decreasing SFE leads to an increase in twin density β, no matter which processing route was adopted. In addition, the twin density of SHPB+RR samples is higher than RR samples at the same SFE. Fig. 1a and Fig. 1b clearly show that the yield strength and ultimate strength increase with SFE decreasing, which indicates that SFE plays an important role in the mechanical properties of copper alloys. The low SFE makes it difficult for the full dislocation to cross slip or climb when it encounters a barrier, which hinders the dislocation recovery via cross slip and climb [19] . The yield strength σ y can be correlated to the dislocation density ρ according to the Taylor equation [11] : (4) Where σ 0 is the friction stress, α is a constant, M is the Taylor factor and G is the shear modulus. [20] . However, the total elongation to failure first decreases with lowering SFE and then increases. As for the density deformation mechanism dominated at the beginning, the grain sizes of Cu-2.5at.%Al-2.5at.%Zn samples are exceptionally small so that dislocations are easily annihilated at grain boundaries without accumulations [21, 22] , which results in much higher stress required for full dislocation to cross slip or climb [23, 24] . This is why the Cu-2.5at.%Al-2.5at.%Zn samples have higher strength and lower total elongation than Cu samples. When the pinning effect caused by solid solution atoms (which increase with decreasing SFE) can suppress dislocation manipulation and rearrangement, the critical shear stress for deformation twinning is lower than that for slip [11] . Hence, twinning becomes the dominant deformation mechanism when SFE decreases to a certain degree. While the SFE decreases from 78mJ/m 2 to 7mJ/m 2 , the twin density of SHPB+RR samples and RR samples increases from 0.025% to 1.2% and from 0.02% to 0.651% respectively, which can explain the increment of work hardening rate and uniform elongation.
Analysis and discussion
Twins can facilitate the work hardening, which helps delay the onset of necking [25] . Fig. 2a and Fig. 2b demonstrate that the samples of lower SFE with larger uniform elongation have higher work hardening rate. It is well known that twin boundaries (TBs) are effective dislocation barriers [26] , as well as they subdivide the original grains effectually and then lead to the formation of the new refined microstructure [27] . In other
words, grain refinement can be manipulated by reducing the SFE. The phenomenon is consistent with the variation of grain size in Fig. 3 .
Decreasing the SFE may improve the ductility due to an increase in twinning capability [28] , this is why the elongation of Cu-12.1at.%Al-4.1at.%Zn higher than Cu-2.5at.%Al-2.5at.%Zn. (mainly dislocation) in samples [11] . As shown in Fig. 4 , the measured microstrain of SHPB+RR samples with higher Z is larger than that of RR samples. This demonstrates that increasing Z can introduce more defects (dislocations), which correspond to the measured decreasing grain size at higher Z values (Fig. 3) . Increasing Z parameter would suppress dynamic recovery [29] and facilitate the formation of deformation twins during the plastic deformation [10] . As strain rate increases, the driving stress for twin nucleation in deformed samples increases, which leading to the addition of twin embryos per unit area [10] . This is consistent with the exhibition in Fig. 6 .
Conclusion
In this study, the provided Cu and Cu-Al-Zn alloys with different stacking fault energy (SFE) were processed at two different strain rates, and then the effect of SFE and strain rate on their mechanical behavior was investigated. The results are summarized as follows:
1. The strength and ductility of Cu and Cu-Al-Zn alloys processed at two different strain rates were both enhanced with decreasing SFE, which
indicates that SFE plays an important role in the improvement of mechanical properties of copper alloys.
2. The strength and uniform elongation of Cu and Cu-Al-Zn alloys processed via SHPB+RR route were both enhanced compared to the materials processed via RR route, and the Cu-Al-Zn alloys with the lowest SFE of 7mJ/m 2 processed via SHPB+RR route exhibited the best combination of strength and ductility.
3. The strength and ductility can be simultaneously improved by decreasing the SFE or increasing the strain rate in Cu and Cu-Al-Zn alloys, which can be attributed to the dislocation and the formation of deformation twins, and their interactions. So, we can conclude that the SHPB+RR route can be an effective approach to producing UFG materials with dramatically enhanced strength ductility.
